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Description 
Piezoelectric Device 

The invention concerns a piezoceramic device with a stack of at least two ceramic layers and 
^M^^d between two ceramic layers and a method to its produchon. 

Such oiezoceramic devices therefore include several, particularly many layers (multilayer 
SvSflSS fcfSmpte utilise as actuators in piezo stacks, by obtaining a low- 
S meStTal eSn of comparably high force by the voltage control or as bending 
S^yc^using attgh mechanical excursion of less force by the voltage control or Mfccy 
S pSn of high electrical voltages resp. serve the detection of mechamcal or the 
production of acoustic vibrations with the relevant devices. 

Technical solutions up to now are based on predominantly ?^^^^^ 
structure type of the general formula AB0 3 , whereby the piezoelectrical charactensocs are 
Sffii thi ferroelectrical condition. Lead zirconate titanate ceram.es Pb(Zrl- 
S)3 = PZT modified by certain additives, have been shown particularly advantageous, 
whose combination is tailored to the so-called morphotropic phase interface of two co- 
«3^ta£5Scd phases, a tetragonal and a rhombodic phase. Between the ceramical 
a;Sprodaced according to the typical methods of the ceramic foil technology, there are 
P 4ious metal internal electrodes applied by screen printing, for example Ag/Pd m mofcr 
So/30 At up to several hundred electrode layers, the devices are thereby burdened with 
M^^L metal electrodes permit to eliminate mermically the dispergers 
fd well asAe other organic additives used in the process of the ceramic oil 
production, and also the organic components of the screen print ,ng-metal past e of ^the 
multilayer stacks by air depolymerisation and oxydation, so that afterwards a sinter 
m£b at approx, UOO to 1 150X is made possible, without c^u* reduce etects, 
for examplecon^^ left-overs, which negatively influence the 

characteristics of the ceiamics because of reduction reactions. 

tests with La203 or Nd203 doped Pb(Zr,Ti)03 - ceramics are particularly documented in 
the literature, for example of G.H. Haertling in the journals American Ceramic Society 
Bulletin (43(12), 113-1 18 (1964) and Journal of the American Ceramic Society 54 1-U 
0971) a well £ in the monograpbics "Piezoelectric Ceramics", Academic Press, London and 

& (1971) ofB. jaffe, W.R. Cook and H. Jaffc as well as of Y. Xu. In 'Terroelectnc 
Materials and their Applications", Elsevier Science Publishers. Amsterdam (1991). 

La203 - resp Nd203 - additives induce the production of cation vacancies on the Pb 
positions of the crystal structure, but at the same time increase thereby the tendency to act as 
honors, particularly* insufficient oxygen partial pressure, which can lead to a ^ressionof 
-the msulatirig resistance and arise of the dielectrcial losses, i.e. the sensitivity of the ceramic 
towards reduction is increased. At the same time they stabilize the tetragonal phase, and the 
kinetics of the orientation of the domaines in field direction at the polarity are facilitated, i.e. 
-the electro mechamcal characteristic behaviour of a so called "soft piezoceramic is 
influenced positively by such additives for this application. For an advancement of Ae sinter 
•condensation and prevention of evaporation losses at PbO of the ceramic a Jow PbO surplus 
at the originally weighed-in composition is generally considered. It was talked m detail about 
fthe connection between the doping level by La203 in a Pb(Zr0,47Ti0,53)O3-ceramic supplied 
with 3 molar-% PbO surplus and the sinter behaviour as well as the structure formation 



MAY-15-2001 06=30 



+49 89 636 B1B15 



94* 



15-MAI-2001 13=46 Pft 7/8 89 636 81815 5.02 

associated with this and the electro magnetic characteristics like coupling factor and 
^Satr^on^rmcluding the curie temperature, the maximum temperature for 
£S?^ it also^iezoelectrical behaviour, in the journal of electroceram^ 
2(2), 75-84 (1998) by M. Hammer and M. Hoffmann. 

^^^onLl^f^V^o^L^^ 1998, IEEE 
!E£oSl&W <Kn^5aWM*X» — combined with BiScOJ andfcr 

PerUite mfaed crystal phases, which in eombmaBon wtth 

SSI P»*» » ^fjf^T^Lt and the 
^pose of piezostack, when the debtadering, i.e. the removal of the btnder ot bmders, and the 

sinter condensation is air-done. 

Piezoelectrioal ceramic masses of the general composition - 
YSrxNa=cMy)a{(NbbYcCrdCoeSbP)fTigZrl-f-g}03 are protected m the print US 5 648012, 

rare earth.m*al of La, Gd, Nd, Sm and Pr and the parameter areas 0 005 S X S .08 . 0 002 £ 
v<005 095<a<1105; 0,47 £b < 0,70, 0,02ScS0,31, 0,11 < d<0,42, 0,01*eS 
iTwftm^ g * 0,52; b < P £ 0,13 as well as b + c + d + e +P =l ,00 are known. 

The print DE 9700463 for the production of green foils for piezoceramic multilayer deviees is 
^S^^pta-eennfc powder of the type PZT, to which a stochiometnc surplus of 
? heterovalent w ea^h metal up to a content from 1 to 5 molar-% and a stochiometnc 
«5?^JSS?l" mote* lead oxyde is added. In addition it is documented in *,s 
S that A*' ions from the area of Ag/Pd - internal electrodes diffuse exactly in such a 
Pon^ 

produced canon vacancies are occupied and in this way will result m a filled up Perovslate 

p^J^^O, 20Ti0,36(Nil/3 N b2/3)0,34}03 or PbO, 96Ag0, 02^0 02(^0, 
s7lM%ltf« case a piezoceramic is produced with a comparatively high C^ne 
temperate for applications up to' 1 50°C. It is also well founded that the composite solidity 
SJweTnTe Ag^d internal electrode (70/30) and the ceramic as well as the com growth at the 
sintering are positively influenced by building silver into the ceramic. 

To prevent the disadvantage of the high costs of such piezoceramic ^[^^^ 
basis of a ceramic of a PZT-type, it is possible, to provide an application of coppertn place^ of 
the expensive Ag/Pd - internal electrodes. Thermodynamic data has shown tha 
is for example at 1000»C under a certain very low oxygen partial pressure of < 10 is not 
reduced and metallic copper stays under these conditions stable as well, >.e. doesn t oxidize. 

•frrom the print US 5,233 ,260 piezbactuators are known, which are not carried out in a 
monolithic way though: The ceramic layers are rather separately sintered and °n^en 
stacked and agglutinated. This production method is correspondigly costly. ™w^?» 
these piezoacruators have the disadvantage, that the used glue has a neganve effect on the 
electrical characteristics. 

That this statement is also accurate on a donor doped ceramic, is proven by an examination of 
Cao and employees in the journal of the American Ceramic Society 76(12) 30iy iiswj, 
wherein Cu foil is laid between pre-made ceramic segments 

Pb0,988(Nb0,024Zr0,528Ti0,473)O3 and such a multiple sandwich arrangement is subject to 
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• > • 1 1 n cnor under vacuum. The good composite between the 

makes it possible, and is not apt for a mass production. 
Katoandcolleas.es describe >*Ce^ 

production of multilayer «^??^*^^S^Vb (a+b>l, x + y +2 =l) wi* 
general formula (Pba-Cab) (^ 1/ ^^2e«am^ting paste is used. Air-debindering 
Cu internal electrodes, whereby a copper oxyde screen prmnng p > ^ 

is thereby made possible. The ^^^^^^^mm and afterwards 
under nitrogen at a ^^^^X^of^c^Jo witb ^ 
at the sinter condensation lead to a reductiv ~|T 9 54 0 C _ is thereby avoided. After the 
production-the eutectic m f lfin S P om \t^ed ouUt lOOO^C by additional dosage of 
oebindering, the •^«*"^ *! *e c PP ^ is reduced to copper 
hydrogen at a ^^^^-^J^L^^ of the shrinkage during the 

anThas up to nownot been technologically converted into products. 

< .u • »nPi0740858Cl attheproductionofCOG-multilayerconoensatorswithCu- 

0 < y < 0,6, 0 < J < 5,5 and 3 < p < 10) a sufficient eumin 5^ temperatures up 

Ming "« ^JJSc • ^255* «t additMves. The 

to 6S0°C and the sinter cond ensanon at 1000 C ..reached oy J | condmslMK 

<2, 0,5<y,l,0and3<p<l> 
Piezocera^c^ 

electrodes on the basis of a ^V^^^^^V^^ 
Perovskit ceramic of the PZT type are intended wo ^^^rL li u by substitution 
by mixed crystal formation by building in <^ « ^^^^ ach eved, and 
offce B-cations by apt other of ceLic foil technique 

: the from the production ^^^^^^^ for example by screen printing 
•as well as the common sintering of the ceramic layers i won m : wr t > j 
alternatively brought in internal electrodes of copper or a mixture of Cu witn ceram P 
'other metallic additives can be applied. 

: already lOOO'C, this means below the melting temperture of the copper. 
Advantageous further formations of the inventions are separately marked. 

(70/30) on the basis of the multilayer foil technique, whereby the practically complete 
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conditions in such a way that a lot .of ^ *"W £™ ™ ^ obtaining 

debindering and permits only a set Z£d that during the process of 

pWceramic layer of the corresponding composition resp. do even better. 

positions of the ceramic. Vt - 

ahd potassium. • -* v • * * ^ 

^ addition it is also possible, to build in combinations of bivalent metal cations M u and 
monovalent cations on A-positions. 

quintvalent metal «~»M,»M .« T<™ JZgb ^.heavier lanihanide-elements 

Further it is advantageous, if the composition of the ceramic with the general formula 

54-z Ti 0,4«+z)°3 corresponds with 0.0K x < 0,05 and -0,15 < j < 
ifoTs « S as 0 < y <0,06, whereby SE is » » earm metal and V a vacancy, and whereby 
a PbO-surplus is set from 1 up to maximally 5 molar-%. 

On top of this the ceramic can contain an additive of CuO. 

" ~ ^The invention" includes the realizatiorC that the by donors, for example,^ rare earth.me^, 

Cnositio'riVbf ^meTCTOV^if stmcture; for example according to the composition Pb og W 

^v^b^oTPo^ s P ace)i develops a , certam 

'to absoS ^'copper Som me internal electrodes, without destroying them, by ebminanon of 
^Z^^-^ ^ercby the latter combination acts as a smter aid and up to some 
percentage of PbO is separately added to the ceramic anyway. 

The sinter condensation is supported by the known mobility of the copper ions, and pleads by 
S copp" motion to a solid adhesion between the electrode layer and ceramic, so that 
delaminations can be effectively avoided this way. 
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„ is of advance, to ^^^^^^^XSSL 
mixture of the used recipe for piezostacks for example on bas« 01 src 

electrodes correspond^ 

S"d«co^ 

interface. 

The invention is explained in more detail by the following models and five figures belonging 



to them. 



96% of the theoretical density at both sufficient gram growth 
and adequate mechanical solidity in the ceramic structure. 

the finelv eround powder is suspended to a diluted slip with approx. 70 m-% solid substance 

BSEg^ 

d^SSJKWs to tfbftM** I. is mixed in , disperse mil » fM 

the process of "foil-pulling" resp. for the producnon of a spraying granular apt slip. ; . 

Sut ISt with^SSode past!, can be debindered up to a residue carbon content of 
Tm DomTl IfcO-«eam containg inert atmosphere at a defined oxygen pamal pressure 
WhicSlls*e Edition of the coexistency of PbO resp. BfaOi-containmg p.ea.ceram.c 

and copper. 

The hydrolytical separation of the binder takes place for the main ^ V^J' 
temperature of 200 + 50° C at a steam partial pressure bigger than200 mbar. The ^ oxygen 
STmSSun is set to a value which is well-tolerated with the Cu-contammg electrodes. 
^J^^SSi^Sn from the.flow of gas at big surfaces'of Cu or by addmg 
lS Mto ^Sdenmg by oxydation at the sample it drops, but the flow of gas avoids 
tfE£S 5to c«L. Although the electrode layers support the debmdenng ^because 
iSd oaths for a binder transportation is created by them, there is still a considerable 

particularly for the actuators with 160 electrodes (measurements 

•9,8 * 9,8 * 12,7 mm 3 ). 

The invention enables herewith the production of actuators with more than 100 internal 
electrodes, which has the advantage of a highly obtainable actuator-excursion. 
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. . *: Aat ^nri. nroloneed to 40 h for actuators with 1 60 layers (EK 2). 
The soaking time at 220 C is prolonged 10 w a detrimental reductive 

profile. 

indicated as well. 

At such debinder* PZT-cenjnU £ !£S32Z*S£ 

geometry. - : ; ;. !". '. 

«t*~*m\r ^moles MLP without internal electrodes with the composition 

'corresoond to the requirements of a common sintering w ui 
'quoted. 

.Table 2: Characteristics of square ceramic samples MLP (edge ^^S^ with 
Samples (a), (b) a medium 

; the composition Pb**Cu o^Nd ^^ 1 ^^/ji , ^ P p0 ^e r finely ground to a 
■ grain size d50%=0,53 urn, air-smtenng at 1 120 C (b), (c » «* ^) P° * J 00 „ c 

' medium grain size d50%=0,33 urn, air-sintered (b) at 1000 C resp. (cj ana W 
under N2/H20-steamr -'!.' : . : '•' 



Sample 


h/mm 


l/mm 


C/nF 


e 


Tan 8 


Ris/O 


p/Qcro 
2 * 


MLP 

00 


0,59+0,02 


10,8+0,1 


2,20+0,05 


1268+30 


2,1+0,1% 


1 * 

10" 


10 12 


"(b) 


0,70+0,01 


10,6+0,1 


1,60+0,03 


1137+58 


2,8+0,2% 


2 * 

10 u 


3 * 

10' 2 
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(d) 



0,70+0,01 



11,3+0,1 



(c) and (d)). 



Sample 
MLP 

(a) 



(b) 
W 



(d) 



h/mm 



0,59+0. 



0,70+0,01 
0,71+0,02 



0,70+0,01 




frequency fp, f s of the resonant circuit according 
Fs = see page 14 

penni* ^ Samp ' e ° f *" 

factor according : 

seepage 14 

Thereby, the proportion of the mechanical energy for the entire energy is indicated by 
"d/CCo+Ci). 

under the indicated conditions (a), (b), (c) and (d) in table 2. 



MLP 



Planar vibration 



f$flcHz 



fp/KH» 



keff 



rnnsistencv mode of vibration 



fp/VHz 



keff 



(a) 



158+1 



191+2 



0,56+0,01 



3293+15 



198+4 



0,54+0,01 



2900+78 



3197+25 



0,42+0,05 

_~ — 



163+1 



189+5 



0.51+0,04 2830+111 



(d) 



154+2 



186+2 



0,56+0,03 1 2668+36 



3048+47 



0,48+0,03 



The measurement 



of the Curie temperature at samples (c) showed a value of 339 + 2"C. 
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t f ~ ^otromechanical coupling factors, which are in the area of the air-sintered samples, 

copper. 

SSSoT^rule om jta-polarity effects and increased hysnresu bemuse of the beddmg 

after the polarity. 

The relative density S of the ceramic samples MLP is calculated from * j"^*"^ 
Ah dWided by the sample consistency h. From this the piezoelectncal coefficient d33 results 

according to the definition equation. . 

. ., ; : S 3 = d 33 * E 3 

d -, is * B e6^Myti^^M* for the piezoelectrical large sigrial characteristics of 
the examined ceramic: * ' 

Table 5: Excursion measurment of square ceramic samples ^^^^"^ 
h) with the composition according table 2 by setting a voltage of 2 kV/mm. EtaM* 
me^ement voltage U, excursion Ah and the piezoelectrical constant d 33 are indited. 



Sample MLP 



h/mm 



U/V 



Ah/jxm 



d 33 .10"*m/V 



00 



0,59+0,02 



(b) 



0,70+0,01 



1180+4 
1400+4 



0,88+0,01 



0,99+0,01 



712+10 



(c) 



0,71+0,02 



1420+4 



(d) 



0,70+0,01., 



1400+4 



1,03+0,06 



723+40 



1,03+0,01 



739+4 



hi case of printing % Cu-intemal electrodes, a Cu-screen print paste proves to be 
advantegeous which shows a metal content as high as possible of approx. 75 1 m-% -wadu 
gStt. -P-ial high-polymer and thereby very 

klreadv < 2m-% related to the solid susbstance content, a viscosity as thixotrope as possioie 
fi Z 2000 S£ pU multilayer samples »VS" with up to 20 internal decides are 
nroduced for sample purposes. Starting from this, piezostacks with 100 to 300 ^" inte ™V 
Sleeves ^e built up ? in a second step and are debindered and sintered under the mentioned 
conditions of a defined oxygen partial pressure in presence of steam. 
The oiezoceramic green : foils are produced^ a consistency, which produces, by consid^g^ 
S 200 um.The Cu-electrodes have a layer consistency from 1 to 3 urn after the smtenng. 

■Figure 2 shows partially a schematic cross section by a multilayer stack with aiding 
l^ence of PZT ceramic foils and Cu-internal electrodes in 500 times (top) and u 1000 times 
(bottom) enlargement. 

•Figure 3 shows a measuring curve for the Cu-content of the also shown Pi«oceramic layer 
abtrthe layer consistency after the sintering of a piezostack on the bas.s of the used onginal 
composition 
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P bn 0, 9 7. yN <0.02C^ 

thereby proven. 

The elecrtcal MiW of the multilayer ceramic components VS of the original 

composition .:^~« 0 a t inno°C with 16 Cu-intemal electrodes 

are indicated in table 6. 

Table 6: Electrical characteristics of PZT multilayerc.ramics.mples VS onthebasisofthe 

original composition pre-ground, medium grain size d50%=0,53 

Pb ff 0 .97Nd»Wy o,oKZp.54Tr 0 ^^ • wder 

um, 20 internal electrodes Ag/Pd (70/30), * r ; sin «™*J" ' ' . V £ at 1000 »C under inert 
medium com size d50%= 0,33 um, 16 Cu-internal electrodes, sintering 
conditions by N2/H2O steam. ( t 




■ Production of a piezo actuator from a ceramic of PZT type win. Cu-internal electrodes 



laminating by pressing or sawing. 

' The debindering is carried out corresponding to the in figure 1 ^^JjS^ 
diagram in the nitrogen stream by adding steam and hydrogen, so tha there 
2 .Z. < 1 n-z t« 9 1 ri" 1 Pa for the Oj partial pressure produced in the area of 5UU tssenuany 

'^roUp^ 
subject to the rXS--^* - 

SSSS.*SS 2SSS S52U obs-ted. 1* green pans of the 
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• # 

debindering and arc immediately ™f»™rr* ftuld lead t0 crac king, delamination and 
Cu/Pb-alloy. 

Steam and forming gas arc added to ft. nitrogen flux (N, + 5% BO- The dissociation of ft. 
steam according to 

H2O o Hj+Vj 0 2 

is used fo, serdng » certain oxygen parta! pressure. Corresponding . the k. of mass acUon 

K °" p(H20) 

a certain oxygen pa*,. pressure fittl"^" 

NormaUy «he gas con.posi.ion is seiec^in such away, ^^^SSS ft 
pressure is produced alsmter temperature WTta s cond «™ * 1OT ^ ^ 
figure 5 by • Starting ^J^^^^SSm .0 low for Ktu~ «U» is 

!£L5ft^Kffit^i^^--i 

wfajchS . 

w i^k Wfffi was set in steps with different forming gas dosage corresponding 
^^^m^li the oxygen partial _ £ ? 
400»C^the thermodynamic window. This way SaSd in 

solid PZT mixture. The used adjustments D ^^ e Sent ratios of 

table 7. Figure 5 shows the calculated course of the partial pressure ior me um 

' concentration of the gases. 
r Table 7: Gas control Cul and Cu2 




The sinter profile is as follows: The holding time at maximal temperature J«« 

12 h Seating up ramp and the cooling down ramp are traveled through with 5 K/rmn. the 
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an .taaion of to fanning m «~ ^ to SKm ^ ^ " 

constant. 

• j vjetiohfiv wintered to > 96% and shows mostly homogenous low 
medium grain size of 0.8 - 5 Jim. 

domaines advantageous area. 

QWC according to a preset temperature time curve. The piezo actuators i^y > 
coefficient in direction to the applied field d„ is 614,6 10 m/V. 
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